Introduction {#S0001}
============

As a common and severe neurological emergency condition, status epilepticus (SE) is defined as follows: continuous or recurrent seizures lasting for minimum of 5 mins, along with an incomplete recovery of consciousness between seizures.[@CIT0001]--[@CIT0003] The incidence of SE is approximately 61 out of every 100,000 people per year, with long-term sequelae and high mortality rates.[@CIT0001] The etiology of SE is particularly complex, including structural causes, central nervous system infections, irregular use of anti-epileptic drugs, and rare autoimmune causes.[@CIT0002] Current treatment modalities are mainly based on expert consensuses, since anti-epileptic drugs do not appear to significantly influence the disease prognosis. Therefore, a better understanding of the underlying mechanisms of SE is urgently needed, which may subsequently contribute to the development of new therapeutic strategies. Increasing evidence from patients and animal models of SE demonstrated that inflammation is a facilitator and a consequence of seizures.[@CIT0004] Microglia are immune effector cells inherent in the central nervous system, which can be rapidly activated in response to various stimuli.[@CIT0005],[@CIT0006] The ATP-gated purinergic P2X7 receptor (P2X7R) is an ion channel receptor located on the surface of microglia and has been previously reported.[@CIT0007],[@CIT0008] P2X7R can be activated by the ATP efflux when the microglia exposure to noxious stimuli such as seizures, stroke, and trauma,[@CIT0009] followed by activation of the P2X7R-mediated NLRP3 inflammasome and the subsequent release of inflammatory cytokines.[@CIT0010] Additionally, microglia were further activated by self-released inflammatory factors, which further aggravate the inflammatory cascade. Therefore, P2X7R is considered the gatekeeper of inflammation. Consistently, current evidences demonstrate that P2X7R expression was dysregulated after SE in both experimental animals and patients.[@CIT0011] In addition, emerging studies have focused on the development of P2X7R antagonists as novel anti-epileptic drugs.[@CIT0012] Therefore, P2X7R play an important role in SE-induced inflammation.

Astaxanthin (AST) belongs to the carotenoid family and has strong anti-inflammatory and antioxidant effects. Natural AST is mainly derived from algae, yeast, and marine life such as crab, fish, and shrimp.[@CIT0013] In the past two decades, several researchers have sought to determine the specific mechanism underlying the anti-inflammatory and anti-oxidation effects of AST. Most studies have reported that AST inhibits reactive oxygen species production, maintains the structural integrity of mitochondria, suppresses the inflammatory signaling pathway, and attenuates cellular dysfunction.[@CIT0014]--[@CIT0016] Similarly, a recent study indicated that AST reverses the damage to hippocampal neurons in neonatal rats exposed to maternal seizure, which may contribute to the reduction of oxidative stress.[@CIT0017] Moreover, increasing evidence has demonstrated that AST inhibits ATP depletion to maintain the energy supply to the cells.[@CIT0013],[@CIT0014] Our previous studies also suggested that AST attenuated SE-induced cognitive dysfunction through inhibited oxidative stress, neuroinflammation, and neuronal apoptosis in rat brains.[@CIT0018] However, there are no studies have investigated whether AST influences neuroinflammation by regulating the ATP-P2X7R signal in SE. Therefore, in this study, we aimed to confirm whether AST regulates the expression of P2X7R and to explore its new potential anti-inflammatory mechanisms both in vivo and vitro.

Materials and Methods {#S0002}
=====================

Reagents {#S0002-S2001}
--------

Lithium chloride, pilocarpine, polyethylene glycol, lipopolysaccharide (LPS), ATP, 2,3-O-4-benzoyl-4-benzoyl-ATP (BzATP) and oxidized ATP (oxATP) were purchased from Sigma (USA). Diazepam was obtained from Yimin (Beijing, China), AST from Solarbio (Beijing, China), dimethyl sulfoxide (DMSO) from Amresco (Beijing, China), fetal bovine serum (FBS), Dulbecco's modified eagle medium (DMEM) high glucose medium from Gibco (USA), and the trizol reagent and RT-PCR kits from Takara (Shanghai, China). P2X7R polyclonal antibody\#A10511, TNF-α polyclonal antibody\#A11534, IL-1β polyclonal antobody\#A16288, Iba1 polyclonal antibody, and anti-β-actin antibody\#AC026 were purchased from ABclonal (Wuhan, China). Cox-2 (D5H5) ZP^@^ Rabbit mAb\#12282 was obtained from Cell Signaling Technology (USA). HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) \#SA00001-2 was obtained from Proteintech (Shanghai, China). ATP enzyme-linked immunosorbent assay (ELISA) kits were obtained from Halin company (Shanghai, China), and Nissl stain kits and immunohistochemical stain kits were obtained from Ruibo company (Shanghai, China).

Animal Model of Status Epilepticus {#S0002-S2002}
----------------------------------

All animal experiments were performed in accordance with animal institution guidelines. Male Wistar rats (160--180 g) were purchased from the Animal Center of Fudan University (Shanghai, China). The rats were housed in standard animal housing. Rats were housed at a controlled temperature (21--25 °C) and 12 h cycles of light and dark; they were free to move and feed in the cage. One week after the rats were reared, an SE model was established using lithium chloride and pilocarpine according to the protocols mentioned in a previous study.[@CIT0019],[@CIT0020] Twenty-four hours before pilocarpine injection, the rats were intraperitoneally injected with lithium chloride (127.3 mg/kg in 0.9% saline). Thirty minutes before pilocarpine injection, scopolamine (1 mg/kg in 0.9% saline) was intraperitoneally injected to reduce peripheral side effects. SE and AST groups were intraperitoneally injected with 30 mg/kg pilocarpine, and normal saline was injected into the control group, as described in our previous study described.[@CIT0018] Behavioral seizures were scored using the modified Racine scale.[@CIT0021] Seizures were graded using the following classifications: I-motionless or wet dog shaking; II-rhythmically nodding and chewing; III-unilateral forelimb clonicity seizures; IV-bilateral forelimb clonic and convulsive standing seizures; V-withdrawal, tumbling, and tonic seizures. When the rats reached a seizure score of IV--V within 30 min and demonstrated a sustained state for one hour, the SE model was considered successfully introduced. If the rats had seizures that did not reach grade IV--V, the rats were injected with 10 mg/kg pilocarpine every 30 min until the seizures reached grade IV--V. No rats received pilocarpine in excess of 60 mg/kg. Diazepam (10 mg/kg) was administered after 60 min to stop the seizures. Fifty rats were used in our study. The control group (10 rats) was injected with normal saline, and 40 rats were injected with pilocarpine to induce SE. Twenty-eight rats were successfully induced (success rate 70%). SE could not be induced in seven rats, and five rats died (mortality rate 12.5%). These rats were randomly divided into the SE group (14 rats) and the AST group (14 rats).

Animal Experiment Protocol {#S0002-S2003}
--------------------------

After one hour of the onset of SE, AST (30 mg/kg, dissolved in 1) was intraperitoneally injected in the AST group, as previously described. The control group and the SE group were injected with an equal amount of 0.9% saline. AST was continuously injected for 2 weeks and was administered every other day in the AST group. During the period of 2 weeks, the rats in the AST-treated group demonstrated a lower frequency of seizure occurrence than the SE group. Two weeks later, four rats from the SE group (mortality rate 28.6%) and two from the AST group (mortality rate 14%) died. The rats were sacrificed using an intraperitoneal injection of 10% chloral hydrate according to the Chinese Medical Sciences Animal Experiment Guide.

Morris Water Maze Test {#S0002-S2004}
----------------------

The Morris water maze test includes a circular pool and monitoring equipment, as described in a previous study.[@CIT0022] The pool has a hidden platform where rats can swim to reach and escape from the water. The 14th day after the SE model was established, rats were trained to swim (n=8 each group), and the test was initiated on the 15th day. Warm water (25 ± 1 °C) was subsequently added to the pool. The hidden platform test lasted for a period of 4 days and the rats were trained 4 times a day. In the experiment, rats were placed in four quadrants of the circular pool. The time required for the rats to find the underwater platform and stand on it was recorded as the escape latency. Rats were removed from the pool after standing on the platform for 15 s. If the rats could not find the platform within 60 s after entering the water, they were gently placed on the platform for 15 s, followed by removing them from the pool. For the spatial probe test, the platform was removed, and the rats were placed in the same entrance as before. The swimming path was recorded for 60 s, and the time spent in the target quadrant was used to assess the spatial positioning ability.

Nissl Stain {#S0002-S2005}
-----------

The rats in each group were sacrificed according to the Chinese Medical Sciences Animal Experiment Guide. The brain tissues of rats were removed and placed on ice. The fresh rat brain tissues were fixed in 4% formalin solution and dehydrate, which were then sliced into 5 μm thick sections and placed in cresyl violet stain (1 g cresyl violet dissolved in 100 mL of distilled water). This was followed by placing the dyeing tank in an incubator (56 °C) for 1 h and heating with an alcohol lamp (10 min). The sections were then rinsed with distilled water and placed into the Nissl stain; differentiation was allowed for 1 to 3 min and was observed under a microscope until the background was nearly colorless. The sections were then dehydrated rapidly with anhydrous ethanol and sealed with a neutral gum. The pyramidal neurons in the hippocampus were observed under a microscope within a fixed area (400× magnification) of the CA1 and CA3, as described in previous studies.[@CIT0023] The cell density per square millimeter and the layer thickness in the CA1 and CA3 areas of the dorsal lateral hippocampus were measured using the slices at 400× magnification. The photographs were processed by ImageJ software (USA), which counted the number of stained hippocampal integral neurons per 0.1 m2 of CA1 and CA3 regions of the hippocampus. The average value was calculated for the number of positive cells: 6 rats per group, one slice per rat per region.[@CIT0024]

Immunohistochemistry {#S0002-S2006}
--------------------

Immunohistochemical analysis was performed by following the kit instructions. The fresh brain tissue sections (5 μm) were heated at 60 °C, followed by dewaxing and permeabilizing. The sections were then incubated with 3% H~2~O~2~ for 10 min at room temperature. The sections were then washed thrice with PBS, followed by addition of goat serum for 20 min to block non-specific antigen binding. Rabbit anti-Iba1 primary antibody was added and incubated overnight at 4 °C. After washing with PBS for 3 times, the tissue sections were incubated with goat anti-rabbit IgG (H+L) for 60 min. Tissue sections were washed 3 times in PBS for 5 min each time, and a chromogenic substrate was added, followed by rinsing with tap water. After hematoxylin staining, the sections were rinsed with 0.1% HCl-ethanol, then dehydrated in graded ethanol and fixed in resin. They were then magnified 400 times under a microscope to identify and select the CA1 and CA3 regions of the hippocampus to observe the number of microglia, as described in previous studies.[@CIT0023] The images were processed by ImageJ software (USA), which was used to count the number of Iba1 stained microglia per 0.1 m2 of CA1 and CA3 regions of the hippocampus. The average value was calculated for the number of positive cells: 6 rats per group, one slice per rat per region.[@CIT0025]

Cell Culture {#S0002-S2007}
------------

Rat microglia was obtained from ScienCell (USA) and were cultured in DMEM, a high glucose medium with 10% FBS. The rat microglia were incubated in a humid mixed atmosphere of 5% CO2 and 95% air at 37 °C. When the cell coverage in the culture dish reached 65%, it was treated with different reagents (for example, LPS 10 μg/mL, AST 50 μM, BzATP 150 μM, and oxATP 150 μM) according to the cell group. RNA and protein were extracted 48 hours after treatment with the reagent.

Enzyme-Linked Immunosorbent Assay (ELISA) {#S0002-S2008}
-----------------------------------------

Rat microglia were treated with LPS (10 μg/mL) and AST for 48 h. The culture medium was harvested, and the rat microglia were treated with the RIPA Lysis Buffer (Shanghai, China) for 15 min, centrifuged at 14,000 rpm for 15 min, and the supernatant was collected. The ATP concentration was measured via an ELISA kit according to the instructions described in a previous study.[@CIT0026] Spectrophotometric value was measured at 450 nm using a microplate reader (SpectraMax, Molecular devices, USA).

Western Blot (WB) {#S0002-S2009}
-----------------

Rat brain tissues (hippocampus and cortex) and microglia cell proteins were extracted using 1% PMSF (phenylsulfonyl; Beyotime, Shanghai, China) as previously described.[@CIT0027] The protein (15 μg) was separated by using SDS-PAGE electrophoresis and transferred to a PVDF membrane. The PVDF membrane was blocked with 5% skim milk for 1 hour at room temperature. The membrane was then washed thrice with TBST for 15 mins each time and incubated with the primary antibody (P2X7R antibody, Cox-2 antibody, IL-1β antibody and TNF-α antibody) overnight at 4 °C. The membrane was washed with TBST and incubated with HRP-conjugated Affinipure goat anti-rabbit IgG (H+L) for 1 hour at room temperature. The signals of the Western blots were detected by the ECL-Plus kit (Merck Millipore, Darmstadt, Germany) and quantified use ImageJ software (USA). β-actin was the internal control for quantitative analysis of the relative expression levels of the proteins.

Real-Time Polymerase Chain Reaction (RT-PCR) {#S0002-S2010}
--------------------------------------------

Rat brain tissue or microglia were treated with Trizol; the tissues were separated thoroughly with a homogenizer, and the mRNA was extracted using chloroform and isoamyl alcohol. The RNA sediment was dissolved in DEPC water (Takara, Shanghai, China), quantified using a spectrophotometer, and reverse transcribed into cDNA by using Prime Script reagent kits (Takara, Shanghai, China). PCR was performed using SYBR Green PCR kits (Takara, Shanghai, China) by a Step One Real-Time PCR System. Relative RNA Expression was normalized to β-actin and calculated.[@CIT0018] The primers used in the study are listed as follows: β-actin (5ʹ-TTCGCCATGGATGACGATATC-3ʹ and 5ʹ- TAGGAGTCCTTCTGACCCATAC-3ʹ), Cox-2 (5ʹ-TTCCAGTATCAGAACCGCATTGCC-3ʹ and 5ʹ-CCGTGTTCAAGGAGGATGGAGTTG-3ʹ), IL-β (5ʹ-ATCTCACAGCAGCATCTCGACAAG-3ʹ and 5ʹ-CACACTAGCAGGTCGTCATCATCC-3ʹ), P2X7R (5ʹ-CCACTCTGCTGCCTTGTCGTTAC-3ʹ and 5ʹ-CTGGTATGCGGTTAGATGCGATGG-3ʹ), and TNF-α (5ʹ-GCATGATCCGAGATGTGGAACTGG-3ʹ).

Statistical Analysis {#S0002-S2011}
--------------------

All data were analyzed using GraphPad Prism 8. The results are expressed as mean ± SD. Comparisons between groups were performed using one-way analysis of variance and *t*-test. Pearson correlation analysis was used for two-variable correlation analysis. The *p* \<0.05 was considered to be statistically significant. All experiments were repeated at least three times.

Results {#S0003}
=======

Astaxanthin Alleviates Cognitive Dysfunction in SE Rats {#S0003-S2001}
-------------------------------------------------------

As shown in [Figure 1A](#F0001){ref-type="fig"} the weight of rats in SE group is lighter than the AST treated group (\**\*p* \<0.01), and the seizure latency of SE+AST group was longer than SE group in [Figure 1B](#F0001){ref-type="fig"} (^\#\#^*p* \<0.01), which indicated that seizure frequency was decreased in AST treated group. And there was no statistically significant of survival rate between SE and AST treated group in [Figure 1C](#F0001){ref-type="fig"}. The Morris water maze is mainly used to test the memory and learning ability of experimental animals for spatial position and sense of direction.[@CIT0022] [Figure 2A](#F0002){ref-type="fig"} shows that in the SE group, the escape latency of rats was significantly longer than that in the control group and that AST treatment significantly shortened the escape latency of SE rats in the hidden platform test. The result of the spatial probe test in [Figure 2B](#F0002){ref-type="fig"} shows that SE rats crossed the platform fewer times than the control group (\**\**p \<0.01) and AST-treated rats demonstrated an increase in the number of times they crossed the platform (^\#\#^p \<0.01 vs SE). [Figure 2C](#F0002){ref-type="fig"} shows that SE rats spent a lesser amount of time in the target quadrant than the control rats (\*\*p \<0.01) and that AST-treated rats appeared to spend an extended amount of time in the target quadrant than the SE group (^\#\#^p \<0.01). The results obtained from [Figure 2](#F0002){ref-type="fig"} demonstrate that AST alleviated SE-induced cognitive dysfunction in rats.Figure 1Data from the rat assessed in study. (**A**) The weight of rats in control (n=12), SE (n=14), and SE+AST (n=14). (**B**) The seizure latency period to SE development in the SE and SE+AST group. (**C**) Rat survival after SE in SE and SE+AST group (\*\**p* \<0.01 vs Control; ^\#\#^*p* \<0.01 vs SE).**Abbreviation:** ns, not significant.Figure 2The Morris water maze test in rats. (**A**) The escape latency of rats. (**B**) The time across the platform. (**C**) The spent time of rats in target quadrant (n=8, \*\**p* \<0.01 vs Control; ^\#\#^*p* \<0.01 vs SE).

Astaxanthin Attenuates SE-Induced Hippocampal Neuron Damage {#S0003-S2002}
-----------------------------------------------------------

The study demonstrated that AST treatment (30 mg/kg) alleviated SE-induced hippocampal damage in Nissl stain. [Figure 3A](#F0003){ref-type="fig"} reveals that hippocampal neural cell layer was disordered and the cellular structure was severely damaged in the SE group. This morphological change in the AST-treated group was effectively prevented. As shown in [Figure 3B](#F0003){ref-type="fig"}, the Nissl-stained hippocampal neurons decreased remarkably in the SE group in CA1 and CA3 regions of the hippocampus (\* *p \<*0.05 vs control), and the AST-treated group showed a lower loss of neuronal cells in the CA1 and CA3 regions of the hippocampus than the SE group (^\#\#^ *p \<*0.01vs.SE). These results suggested that AST had a protective effect on hippocampal neurons.Figure 3The Nissl stain of hippocampus in rats. (**A**) The Nissl stain of rat hippocampus. (**B**) The number of Nissl stained neurons. Left: control group. Middle: status epilepticus group. Right: astaxanthin (AST) treated group. The general morphology of the hippocampus in rat magnification 40×. The CA1 and CA3 regions of hippocampus are marked in squares. CA1 and CA3 region magnification 400×. Positively stained cells are marked with black arrows. The cell density per square millimeter was measured by ImageJ software (n=4, \**p* \<0.05 vs Control; ^\#^*p* \<0.05 vs SE; ^\#\#^*p* \<0.01 vs SE by one-way ANOVA).

Astaxanthin Inhibits P2X7R-Related Neuroinflammation in SE Rats {#S0003-S2003}
---------------------------------------------------------------

The inflammatory response during SE was accompanied by the activation, proliferation, and release of inflammatory cytokines in the microglia.[@CIT0012] Furthermore, P2X7R is a receptor on the surface of microglia, which mediates inflammation.[@CIT0009] Therefore, we further investigated the effect of AST on P2X7R-related inflammation in SE rats. [Figure 4](#F0004){ref-type="fig"} and the associated results show that the number of microglia marked with Iba1 increased in the rat hippocampus than in the control group. AST treatment can effectively inhibit the microglial proliferation in CA1 and CA3 regions of the hippocampus. Additionally, our study detected the expression of P2X7R, TNF-α, Cox-2, and IL-1β in rat brains by WB and real-time polymerase chain reaction (RT-PCR). As shown in [Figure 5](#F0005){ref-type="fig"}, the mRNA and proteins levels of P2X7R, TNF-α, IL-1β, and Cox-2 were significantly increased in the brains of the SE group rats (\**p* \<0.05 vs Control; \*\* *p* \<0.01 vs Control). Furthermore, the expression of P2X7R is positive correlation with inflammatory cytokines IL-1β in the hippocampus of SE rats ([Figure 5F](#F0005){ref-type="fig"}). Compared to the SE group, AST treatment significantly reduced the expression levels of P2X7R, TNF-α, IL-1β and Cox-2 both in the cortex and hippocampus of rats (^\#^*p* \<0.05 vs SE; ^\#\#^*p* \<0.01 vs SE). The result demonstrated that neuroinflammation plays a vital role in SE-induced brain damage and that AST treatment (30 mg/kg) attenuated P2X7R-related neuroinflammation in the cortex and hippocampus of SE rats.Figure 4The immunohistochemistry stain in rats. (**A**) The immunohistochemistry stained of Iba1 in rat hippocampus. (**B**) The number of stained microglia. Left: control group. Middle: status epilepticus group. Right: astaxanthin (AST) treated group. The general morphology of the hippocampus in rat magnification 20×. The CA1 and CA3 regions of hippocampus are marked in squares. CA1 and CA3 region magnification 400×. Positively stained cells are marked with black arrows (n=4, \**p* \<0.05 vs Control; \*\**p* \<0.01 vs Control; ^\#^*p* \<0.05 vs SE by one-way ANOVA).Figure 5Effect of AST on P2X7R, IL-1β, Cox-2 and TNF-α expression in rats. (**A**) The protein P2X7R, TNF-a, IL-1β and Cox-2 levels in cortex and hippocampus. (**B**) The relative protein levels of P2X7R, TNF-α, IL-1β and Cox-2 in hippocampus. (**C**) The relative protein levels of P2X7R, TNF-α, IL-1β and Cox-2 in cortex. (**D**) The relative mRNAs levels of P2X7R, TNF-α, Cox-2 and IL-1β in the hippocampus. (**E**) The relative mRNAs levels of P2X7R, TNF-α, IL-1β and Cox-2 in the cortex. (**F**) Pearson correlation analysis of mRNA expression of P2X7R and IL-1β RNA in hippocampus of SE group. The relative expression of protein and mRNA were normalized to β-actin expression. Values are presented as the mean ± SD (n=5, \**p* \< 0.05, \*\**p* \< 0.01vs. Control; ^\#^*p* \< 0.05, ^\#\#^p \< 0.01vs. SE).

Astaxanthin Downregulated the Expression of P2X7R and Inhibited Inflammation in LPS-Induced Microglia {#S0003-S2004}
-----------------------------------------------------------------------------------------------------

Since the potential mechanisms of AST inhibited neuroinflammation remain unclear, we further explored its effect on inflammation in vitro. And LPS-induced inflammation in rat microglia was used as an inflammation model to partly imitate neuroinflammation in SE rats.[@CIT0028] As shown in [Figure 6](#F0006){ref-type="fig"}, Cox-2 and IL-1β levels increased in microglia treated with different concentrations of LPS. At 10 μg/mL, IL-1β and Cox-2 levels increased significantly compared to the control group (\**p*\<0.05 vs control; \*\* *p*\<0.01 vs control). The results in [Figure 6B](#F0006){ref-type="fig"}--[C](#F0006){ref-type="fig"} show that AST significantly suppressed Cox-2 and IL-1β expression at 50 μM in the LPS-stimulated microglia (\**p*\<0.05 vs LPS; \*\* *p*\<0.01 vs LPS). Therefore, we treated microglia with LPS (10 μg/mL) and AST (50 μM) for 24 h. The protein and mRNA levels of P2X7R, IL-1β, and Cox-2 were measured using WB and RT-PCR to determine the effects of AST on inflammation. [Figure 6D](#F0006){ref-type="fig"}--[F](#F0006){ref-type="fig"} reveal that the P2X7R, Cox-2 and IL-1β levels in the LPS group increased significantly compared to the control group (*\*p*\<0.05 vs Control group), suggesting microglial activation. And the AST reduced P2X7R, IL-1β, and Cox-2 expression (^\#^*p*\<0.05 vs LPS group). Besides, microglia that were treated only with AST reduced the expression of P2X7R and IL-1b, but mildly elevated Cox-2 (\**p*\<0.05 vs control group). These results suggested that AST inhibited the P2X7R-related inflammation in vitro, which was consistent with the results obtained in vivo.Figure 6Effect of astaxanthin on P2X7R, IL-1β, Cox-2 and ATP expression in LPS-induced rat microglia. (**A**) The mRNA expression of IL-1β and Cox-2 at different concentrations of LPS. (**B, C**) The mRNA expression of IL-1β and Cox-2 treated with different concentrations of AST. (**D**) WB analysis for P2X7R, IL-1β and Cox-2 protein levels in the rat microglia. (**E**) The expression levels of P2X7R, IL-1β and Cox-2 proteins in microglia. (**F**) The mRNA expression of P2X7R, IL-1β and Cox-2 were examined by RT-PCR. (**G**) The concentration of extracellular ATP (**H**) The concentration of intracellular ATP. The relative expression of protein and mRNA were normalized to β-actin expression. The concentration of extracellular and intracellular ATP was measured by ELISA kit. Cells were treated with designed concentration of AST (50μM) and LPS (10μg/mL) for 48h. Values are presented as the mean ± SD (\**p* \< 0.05, \*\**p* \< 0.01 vs Control group; ^\#^*p* \< 0.05, ^\#\#^p \< 0.01 vs LPS group).

Astaxanthin Regulated the ATP-P2X7R Signal in Microglia {#S0003-S2005}
-------------------------------------------------------

[Figure 6G](#F0006){ref-type="fig"}--[H](#F0006){ref-type="fig"} show an increase in the extracellular ATP concentrations of microglia in the LPS group than in the control group (\*\**p*\<0.01 vs control). AST (50 μM) treatment reduced the extracellular ATP concentration in LPS-induced microglia (*^\#\#^p*\<0.01 vs LPS). In contrast, AST increased the intracellular ATP concentration in both the control and the LPS group (*^\#\#^p*\<0.01 vs LPS; \*\*p\<0.01 vs Control). These results suggested that AST regulates the extracellular and intracellular ATP concentration conversely in microglia. As seen in [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, the expression of P2X7R at different ATP doses was distinct. P2X7R increased most significantly at ATP concentration of 1 mM (\**p*\<0.05 vs Control) and BzATP treatment caused an increase of P2X7R higher than the ATP-induced (&*p*\<0.05 vs ATP 0.1mM group). These results suggested that AST can decreased the expression of ATP directly and ATP can upregulated the expression of P2X7R, which indicted that AST regulated the ATP-P2X7R in microglia.Figure 7Effect of ATP on the P2X7R expression in microglia. (**A**) The protein expression of P2X7R, IL-1β and Cox-2 at different concentrations of ATP. (**B**) The relative protein of P2X7R, IL-1β and Cox-2. (**C**) Western blot analysis for P2X7R, IL-1β and Cox-2 protein levels in rat microglia. The expression level of P2X7R, TNF-α, IL-1β and Cox-2 proteins were normalized to β-actin expression. (**D**) The relative protein of P2X7R, IL-1β, TNF-α and Cox-2. (**E**) The relative mRNA expression of P2X7R, TNF-α, IL-1β and Cox-2 were analyzed by RT-PCR in rat microglia. Cells were treated ATP (0.1mM, 1mM and 10mM), LPS (10μg/mL), BzATP (150μM), and oxATP (150μM) for 48h in each group. The relative expression of protein and mRNA were normalized to β-actin expression. Values are presented as the mean ± SD (*\*p* \< 0.05 compared with the control group; *^\#^p* \< 0.05 compared with the BzATP group; ^&^*p* \< 0.05 compared with the ATP 1mM group).

Astaxanthin Reduces Inflammation by Inhibiting the ATP-P2X7R Signal in LPS-Stimulated Microglia {#S0003-S2006}
-----------------------------------------------------------------------------------------------

As shown in [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, ATP treated increased the expression of P2X7R and inflammatory factors in microglia (\**p*\<0.05 vs Control), which indicated that ATP-P2X7R signal can induced inflammation in microglia. And the result of [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"} showed that BzATP treated cause more intensive inflammation in microglia. BzATP is an agonist of P2X7R, which has the stronger ability to activate P2X7R than ATP in vivo. Therefore, to further verify the effect of P2X7R on the inflammatory response, we used oxATP, an inhibitor of P2X7R, as a negative control for experiments. As shown in [Figure 7C](#F0007){ref-type="fig"}--[E](#F0007){ref-type="fig"}, similar to the LPS-treated group, the expressions of P2X7R, TNF-α, IL-1β, and Cox-2 are significantly increased in BzATP treated group (\**p*\<0.05 vs Control). Conversely, oxATP treated downregulated the expression of P2X7R and P2X7R-related inflammation (^\#^*p*\<0.05 vs BzATP). The results shown in [Figure 7](#F0007){ref-type="fig"} indicate that ATP regulates the expression of P2X7R directly. Collectively, these studies found that AST attenuated LPS-induced inflammation by inhibiting the ATP-P2X7R signal.

Discussion {#S0004}
==========

SE is both a neurological and systemic emergency that typically results in severe or fatal consequences.[@CIT0029] In the past few decades, a large number of studies have focused on the etiology, treatment, and prognosis of SE.[@CIT0030],[@CIT0031] A strong relationship between neuroinflammation and SE has been reported in previous studies.[@CIT0004],[@CIT0032] In both animal models and patients with SE, increasing evidence has shown that elevated inflammation in the brain during SE plays a decisive role in persistent seizures and long-term sequelae.[@CIT0033] In vivo evidence has shown that the site of inflammation contains high concentrations (hundreds of micromoles) of extracellular ATP, highlighting the vital role of extracellular ATP in inflammation.[@CIT0009] The ATP-gated purinergic P2X7R is an ion channel receptor that is primarily expressed on the membranes of immune cells such as microglia. It acts as a gatekeeper of neuroinflammation in the CNS, which subsequently mediates NLRP3 inflammasome activation and inflammatory cytokine release.[@CIT0010] A previous study observed an increase in P2X7R expression in SE rats.[@CIT0034] Furthermore, P2X7R antagonists are promising anti-inflammatory drug candidates for SE.[@CIT0035] Similarly, this study demonstrated that treatment with anakinra, a pharmaceutical compound that interferes with the IL-1β pathway, could effectively prevent cognitive dysfunction in SE rats.[@CIT0036] However, these drugs are far from application in SE owing to its unknown side effects. AST is the most powerful natural antioxidant found in nature. Numerous studies demonstrated the antioxidant, anti-neuroinflammatory, and neuroprotective effects of AST in animals with SE.[@CIT0017],[@CIT0037] Our previous study also showed the neuroprotective effect of AST on rats with SE.[@CIT0018] Furthermore, current studies have not reported any adverse effects of SE in human or animal experiments, along with the fact that it does not show side effects even at higher concentrations, which increases the potential application in clinical settings.[@CIT0012] However, certain anti-inflammatory mechanisms of AST require elucidation. Emerging evidence has shown that AST has a protective effect on mitochondria and inhibits the ATP efflux to maintain the energy supply to the cells. Additionally, it is a well-known fact that ATP is the agonist of P2X7R, which suggests that AST may inhibit the inflammation associated with the ATP-P2X7R signal. In addition, no previous research has reported the effect of AST on P2X7R. Therefore, we hypothesized that AST affects neuroinflammation by regulating the ATP-P2X7R signal in SE rats.

Inevitably, long-term seizures can lead to cognitive dysfunction, mental behavioral abnormalities, and decreased quality of life in patients with SE. The findings of our study show that AST plays a protective role in SE rats. With respect to experimental animal behavior, AST treatment extended the seizure latency and improved the cognitive function of SE rats in the Morris water maze test. Moreover, there was a reduction in the frequency of the seizures in the AST-treated group. In histomorphology, Nissl staining showed that ATS prevented hippocampus neurons from SE damage, and immunohistochemistry staining demonstrated that AST treatment significantly decreased the number of microglia in the hippocampus. With respect to the molecular biology, the inflammatory cytokines were significantly inhibited in the AST-treated group. These findings indicated that neuroinflammation after SE was the cause of hippocampal damage and cognitive dysfunction in SE rats. Treatment with AST effectively ameliorated the disease prognosis in SE rats. To clarify the neuro-protective mechanism of AST, we examined the differences in the expression of P2X7R between the SE and AST-treated rats. The data in [Figure 5](#F0005){ref-type="fig"} show that AST downregulated the expression of P2X7R both in the hippocampus and cortex of SE rats. Furthermore, our result in [Figure 5F](#F0005){ref-type="fig"} consistent with the result that P2X7R is positively related to inflammation in SE rats as described in previous studies.[@CIT0009] Our study confirmed the critical role of P2X7R-mediated neuroinflammation in SE, which was reported in previous studies.[@CIT0009],[@CIT0027] Unlike them, we first discovered that AST attenuated neuroinflammation may through P2X7R signal. Therefore, we concluded that AST protected SE rats by inhibiting neuroinflammation, which was associated with P2X7R expression.

As a gateway to a neuroinflammatory reaction, P2X7R plays an important role in the development of neuroinflammation. Therefore, we further investigated the roles of AST on P2X7R. Microglia are the main immune cells in the brain that participate in the inflammatory reaction.[@CIT0038] It can be activated by various pathological stimuli of the central nervous system, including stroke, seizure, and trauma. The activated microglia can proliferate rapidly, secrete various inflammatory cytokines (TNF-α, IL-1β and Cox-2), and lead to neuroinflammation.[@CIT0039] Furthermore, P2X7R is mainly expressed on the microglia.[@CIT0040] Therefore, we used LPS to induce microglia polarization to produce inflammation,[@CIT0041] which is similar to the inflammation in SE rats. This means that we use LPS-induced inflammation in microglia as a model of the inflammation in SE rats and further study the mechanism of AST on inflammatory response. Consistent with the results in SE rats, we found AST also downregulated P2X7R expression and inhibited the inflammation in LPS-induced microglia. Our findings confirmed the anti-inflammatory effect of AST in both in vivo and in vitro experiments. It is widely accepted that AST has a protective effect on mitochondria, which is also known as the powerhouse of the cell. It has recently been reported that AST increased the intracellular ATP concentration in hepatic stellate cells.[@CIT0014] Furthermore, as an agonist of P2X7R, ATP plays an important role in the inflammatory reactions.[@CIT0010] Therefore, we detected the ATP concentration using ELISA both extracellularly and intracellularly. The results showed that AST decreased extracellular ATP levels in both the control and LPS- treated groups. Additionally, LPS treatment increased the level of extracellular ATP as reported in previous studies.[@CIT0010] Conversely, AST significantly decreased the intracellular ATP level in LPS-stimulated microglia. Furthermore, as seen in [Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}, ATP treated upregulated the expression of P2X7R, which indicated AST regulated LPS-induced inflammation through ATP-P2X7R signal in microglia. BzATP is an agonist of P2X7R, which has the stronger ability to activate P2X7R than ATP in vivo. Therefore, in order to further verify the effect of P2X7R on the inflammatory response, we used oxATP, an inhibitor of P2X7R, as a negative control for experiments. As shown in [Figure 7](#F0007){ref-type="fig"}, BzATP can directly upregulate the expression of P2X7R and P2X7R-mediated inflammation in microglia. Concurrently, oxATP decreased the expression of P2X7R and P2X7R-related inflammatory cytokines. In summary, this study revealed that AST downregulated the P2X7R expression by fixing the imbalance of intracellular and extracellular ATP concentrations, downregulated the expression of P2X7R and attenuated P2X7R-mediated inflammation in microglia. In addition, according to the calculation method in previous literature, microglia treated with AST of 50 uM can reach the AST concentration in vivo,[@CIT0042] which indicated that AST inhibits inflammation both in vitro and vivo. AST is a potential new candidate for an anti-epileptic drug.

In general, our research has advantages and limitations. The advantage is that we first discovered AST can inhibit the inflammation by regulating the ATP-P2X7R signal and found that ATP can upregulate P2X7R expression directly. The limitations that need to be considered were follows: firstly, the inflammation in SE rats involved of many cells and LPS-induced inflammation only partially mimics the inflammation in SE rats; secondly, we did not inject P2X7R antagonists in vivo as controls to assessed the effect of astaxanthin; thirdly, the study lack of polyethylene glycol injection as a control group in rats. We hope to improve these limitations in future experiments. Further research is warranted to clearly understand the association between AST and neuroinflammation. Additionally, based on abundant preliminary research, AST may potentially become a new anti-epileptic drug in the future.

Conclusion {#S0005}
==========

This study supports the protective effect of AST on SE-induced damage and reveals the molecular mechanism underlying AST in SE-induced inflammation. AST decreased the extracellular ATP concentration, thereby inhibiting P2X7R activation and upregulation, which causes the inhibition of the inflammatory signaling pathway and significantly suppresses the expression of inflammatory cytokine genes such as TNF-α, Cox-2, and IL-1β. Therefore, AST can attenuate neuroinflammation in SE by inhibiting the ATP-P2X7R signal.
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